[1] The dominant factors controlling the seasonal variations of ozone (O 3 ) and three major oxidized nitrogen species, peroxyacetyl nitrate (PAN), nitrogen oxides (NO x ), and nitric acid (HNO 3 ), in northeast Asia are investigated by using a three-dimensional global chemical transport model to analyze surface observations made at Rishiri Island, a remote island in northern Japan. The model was evaluated by comparing with observed seasonal variations, and with the relationships between O 3 , CO, and PAN. We show that the model reproduces the chemical environment at Rishiri Island reasonably well, and that the seasonal cycles of O 3 , CO, NO y species, and VOCs are well predicted. The impact of local emissions on some of these constituents is significant, but is not the dominant factor affecting the seasonal cycles. The seasonal roles of chemistry and transport in controlling O 3 and PAN are revealed by examining production/destruction and import/ export/deposition fluxes in the boundary layer over the Rishiri region. For O 3 , transport plays a key role throughout the year, and the regional photochemical contribution is at most 10% in summer. For PAN, in contrast, transport dominates in winter, while in-situ chemistry contributes as much as 75% in summer. It is suggested that the relative contribution of transport and in-situ chemistry is significantly different for O 3 and PAN, but that the wintertime dominance of transport due to the long chemical lifetimes of these species is sufficient to drive the seasonal cycles of springtime maximum and summertime minimum characteristic of remote sites. 
Introduction
[2] Tropospheric ozone (O 3 ) is an important constituent of the Earth's atmosphere. It plays a central role in determining the oxidizing capacity of the troposphere through the generation of the principal oxidizing agent, the hydroxy (OH) radical, and in controlling air quality at local, regional, and global scales. It is also well known that O 3 contributes to global warming as one of the major greenhouse gases, the second largest in the Northern Hemisphere [Intergovernmental Panel on Climate Change (IPCC ), 1996], and has a substantial impact on vegetation growth and human health [Folinsbee et al., 1988; Reich and Amundson, 1985; Chameides et al., 1999] .
[3] Over the last couple of decades it has become apparent that measurements of O 3 at remote locations in the northern midlatitudes exhibit a distinct springtime maximum [e.g., Oltmans, 1981; Oltmans and Levy, 1992, 1994; Sunwoo et al., 1994; Kajii et al., 1998; Parrish et al., 1998; Pochanart et al., 1999] . While it was believed in early days that the intrusion of stratospheric O 3 into the troposphere dominates the levels and the seasonal cycles of tropospheric O 3 , field observations of O 3 and chemical species that control O 3 production and destruction processes provide much evidence that the contribution of photochemically produced O 3 is also substantial, particularly in the lower atmosphere [Monks, 2000] . In photochemical regimes, oxides of nitrogen (NO x = NO + NO 2 ) are key species, and act as the limiting factor in the photochemical formation of O 3 in many remote regions. Peroxyacetyl nitrate (PAN), a photochemical oxidation product of nonmethane hydrocarbons (NMHCs) in the presence of NO x , is a reservoir of NO x in an organic form. Since the lifetime of PAN strongly depends on ambient temperature, it has been suggested that PAN is transported in the colder free troposphere, and thus, works as a NO x -carrier that promotes redistribution of NO x from source regions to remote areas [Moxim et al., 1996] . The release of NO x due to thermal decomposition of PAN occurring during transport from the Arctic to northern high-latitudes could also play an important role in photochemical O 3 formation during springtime [Beine et al., 1997] . However, an unambiguous separation of the mechanisms that lead to the formation of the springtime O 3 maximum has not been achieved, and the springtime maximum of O 3 is still a fundamental issue in tropospheric chemistry research [Monks, 2000] .
[4] It is also known that the seasonal cycle of PAN, similarly to O 3 , shows a springtime maximum and a summertime minimum in clean air [Penkett and Brice, 1986; Bottenheim et al., 1994; Sirois and Bottenheim, 1995] . The similarity of the PAN seasonal cycle to that of O 3 strongly suggests that the observed springtime peaks in PAN and O 3 are of common origin, and thus, indicate the important role of photochemistry in the troposphere. It has been suggested that springtime O 3 production in remote areas is initiated by the onset of photochemistry fueled by NMHCs and NO x accumulated during the wintertime due to the extended lifetime of these O 3 precursors [Penkett and Brice, 1986; Penkett et al., 1993] . The measurements of total reactive nitrogen species (NO y ) show that NO y is accumulated in the Arctic, and PAN and other organic nitrates constitute the major fraction, reaching 80-90% of total NO y in the Arctic [Honrath and Jaffe, 1992; Jaffe, 1993; Muthuramu et al., 1994] , suggesting that the spring peaks of O 3 and PAN observed at northern midlatitudes might be caused by transport from the Arctic initiated by the break-up of the Arctic haze as spring comes. Honrath et al. [1996] also suggested that Arctic outflow events significantly increase NO x , NO y , and NMHCs over the North Atlantic during the winterspring period. Back trajectory analysis of the long-term record of PAN and O 3 at Nova Scotia revealed that the seasonal variation of PAN is different in polluted continental and clean background air masses. The PAN seasonal cycle in polluted air masses shows a summertime maximum, whereas that in background air masses from the north indicates an apparent springtime maximum and a summertime minimum, suggesting that transport of polluted air from the Arctic, and a subsequent pulse of springtime photochemistry in remote regions are a possible cause [Sirois and Bottenheim, 1995] . At Mauna Loa, long-range transport from high-latitude/altitude zones is the most efficient mechanism for explaining the observed springtime maximum of PAN and O 3 based on back trajectory analysis showing frequent subsiding westerly air masses coincident with enhanced concentrations [Ridley et al., 1998 ]. Observations of O 3 and other long-lived trace gases of continental origin (e.g., N 2 O, CO, and CO 2 ) at Mace Head indicate coherent springtime peaks independent of whether they have stratospheric origins or not, suggesting that photochemistry in polluted regions and subsequent transport play an important role for the springtime O 3 maximum in remote regions [Derwent et al., 1998 ].
[5] On the other hand, three-dimensional (3D) global models have been applied to address and clarify the springtime O 3 maximum issues. Roelofs et al. [1997] suggested that the springtime O 3 maximum is due to the relatively active photochemical production of O 3 over polluted continental areas in spring and subsequent long-range transport to remote regions, which is more efficient due to the longer lifetime in spring than in summer. Wang et al. [1998] demonstrated that the April O 3 maximum is a result of superimposed contributions of stratospheric O 3 greatest in January -April and photochemically produced O 3 greatest in April -June. They also noted that the role of chemistry is more important than that of intrusion of stratospheric O 3 , and that long-range transport of O 3 produced over polluted regions is particularly important in remote regions as local O 3 formation is weak at these sites and the lifetime of O 3 is greater in winter/spring seasons allowing for long-range transport. Lelieveld and Dentener [2000] also highlighted the importance of the transport of pollution from anthropogenic source regions. In the free troposphere, O 3 builds up in the winter and early spring with net chemistry and transport playing comparable roles, since these seasons are favorable for net O 3 production due to the reduced NO x level required for net O 3 production and the NO x concentrations are greater due to a longer lifetime [Yienger et al., 1999] .
[6] Extensive data sets from seasonal observations at Rishiri Island enable us to estimate the relevance of regional climatology and photochemistry on O 3 and oxidized nitrogen species (NO x , PAN, HNO 3 ) with the aid of back trajectory analysis [Tanimoto et al., 2002] . In this study, the dominant factors controlling the seasonal variations of O 3 and PAN are examined using a 3D chemical transport model (CTM) . After evaluating the model capabilities by comparison of the model results with seasonal data sets from the Rishiri Island Study of Oxidants and Transport for Tropospheric Ozone (RISOTTO) 1999-2000 campaign, we investigate the relative importance of transport and in-situ photochemistry in detail and how this changes with season. The role of chemistry is further evaluated by examining the contributions from transported and locally emitted precursors.
Model Approach
[7] The study makes use of the Frontier Research System for Global Change/University of California, Irvine (FRSGC/UCI) CTM, based on meteorological fields from the Goddard Institute for Space Studies (GISS) II 0 general circulation model (GCM), and is described in earlier work Wild and Akimoto, 2001] . It uses 3-hour averaged wind fields with a horizontal resolution of 4°latitude by 5°longitude, and a vertical resolution of nine levels from the surface to 10 hPa, with six to eight levels in the troposphere. Advection is calculated using the Prather scheme conserving second-order moments [Prather, 1986] . Entraining and non-entraining convective mass fluxes are supplied as 3-hour averages from the meteorological fields. The height of the boundary layer is diagnosed from the fields, and mixing is calculated every CTM time step using the scheme of Louis [1979] .
[8] The chemical scheme includes an explicit treatment of inorganic HO x /O x /NO x chemistry and methane/ethane oxidation using the ASAD modular chemistry package [Carver et al., 1997] . A lumped ''family'' approach is used to represent oxidation of the representative higher hydrocarbon species butane, propene, xylene, and isoprene. Photolysis rates are calculated using the Fast-J photolysis scheme , which has an on-line treatment of molecular and aerosol absorption and scattering. Dry deposition is treated using a ''resistances-in-series'' scheme based on the work of Jacob et al. [1992a] , and wet deposition is parameterized by loss of soluble species in wet convective updrafts, and by removal by below-cloud scavenging. A dynamical tropopause is diagnosed on-line using the 120-ppbv isopleth of an inert, O 3 -like tracer ''Synoz'' [McLinden et al., 2000] , and this tracer is also used to define the net flux of O 3 from the stratosphere (475 Tg/yr).
[9] Emissions of trace species are taken from the EDGAR v.2.0 database for 1990 [Olivier et al., 1996] , supplemented with soil emissions of NO [Yienger and Levy, 1995] and emissions of isoprene from vegetation [Guenther et al., 1995] reduced to 220 Tg (C)/yr consistent with Brasseur et al. [1998] . A source of NO from lightning, 5 Tg (N)/yr, is included based on the parameterization of Price and Rind [1992] . Runs were initially performed using a single data set of total hydrocarbon emissions and applying a global-mean speciation, as used in the OxComp model intercomparison [Prather and Ehhalt, 2001] . However, this leads to an excess of long-lived alkanes over this part of northeast Asia, and the runs were therefore repeated using separate emissions distributions from EDGAR v.2.0 for each of the hydrocarbons considered; results from these runs are presented in this study.
[10] For these studies, the resolution has been reduced to 8°Â 10°by lumping the mass fluxes from adjacent gridboxes. This reduces the computational requirements and allows a number of sensitivity studies to be performed. While the coarseness of this grid makes comparison with surface observations at a single measurement site difficult, degradation of the 4°Â 5°fields does not make agreement substantially worse. Although local features of the meteorology below the 400 km scale are not captured, the general features of the global circulation and regional transport in East Asia are well reproduced. In addition, the meteorological fields are representative of a typical GCM year, rather than representing the 1999 -2000 period for which observational data are available, and hence we restrict ourselves to comparing monthly mean data. The chemical scheme used is tailored to the timescales required for chemical evolution in free tropospheric air, and no attempt is made to follow fast, urban-plume chemistry. Although large subgrid-scale variation in emissions in oxidant precursors over continental source regions at the coarse resolution used may lead to biases in oxidant production due to non-linear chemistry, the net effects appear to be small, as demonstrated in the comparisons which follow. While better simulation of mixing ratios may be expected for short-lived species using a regional model with a finer resolution, the focus of this study is on O 3 and PAN, for which a global model is required to resolve transport from beyond the boundaries of the region.
[11] The ''Rishiri region'' considered in the following study is shown in Figure 1 . The region covers a single grid square, 40°-48°N and 140°-150°E, and the lowest three model levels, from the surface to about 730 hPa (typically about 2.2 km), are assumed to represent the regional boundary layer. While Rishiri Island lies in the northwestern quadrant of this region, the area also includes the whole of the Island of Hokkaido, including the city of Sapporo that contributes significant emissions of NO x to the region. However, 75% of the region is covered by ocean.
[12] The model is initialized with chemical fields from earlier runs [Wild and Akimoto, 2001] , and run for 18 months, discarding the first six months as a ''spin-up'' period. This control run is then repeated with all emissions removed over the Rishiri grid square to assess the impact of local emissions from Hokkaido. Finally, the run was repeated with no chemical production over the grid square to assess the contributions of regional chemistry to the budgets of photochemical oxidants.
Evaluation Over Northeast Asia
[13] The ability of the model to capture the main features of the atmospheric composition and its variations in northeast Asia is evaluated by comparing with monthly mean ozone profiles from long-term ozonesonde stations over Japan and then with surface mixing ratios and species relationships at Rishiri Island.
[14] To provide a general overview of the model performance over the East Asian region, we compare time series of monthly mean ozone mixing ratios in the lower, middle and upper troposphere with those derived from ozonesonde measurements over Japan (Figure 2 ). In general, the model captures the seasonal, latitudinal and altitudinal variations in ozone reasonably well, with mixing ratios mostly lying within one standard deviation of the measurements. There are a number of discrepancies in the lower troposphere, such as at Tateno where summertime ozone formation from the nearby Tokyo area is not captured well, and in winter, where surface mixing ratios tend to be overestimated, although agreement is rather better with data from surface sites at this time. It is also clear that at this coarse resolution the humid, marine air masses that lead to low surface ozone in summer extend slightly too far north, and can still be seen at Sapporo, where they are not as apparent in the measurements. However, the variations in the altitude of the tropopause with season are reproduced well, and the variation in the latitudinal gradient in ozone in the upper troposphere is captured, though the gradient is less steep in winter as seen in overestimation of ozone over Kagoshima and underestimation over Tateno.
[15] Figure 3 shows monthly mean surface mixing ratios for selected trace gases against mean values observed at Rishiri. In general, the magnitudes and seasonal variations are reasonably well reproduced. The long-lived species, O 3 , CO, and ethane, show good agreement, and the same is true for NO x and HNO 3 , although observations of these species are only available for six months. While aromatic species are well-reproduced, long-chain alkanes (C 3 +) are somewhat high, suggesting overestimation of emissions from surrounding regions or overestimation of the net chemical lifetime, but the seasonality is well reproduced. Alkenes are substantially underestimated, and this probably reflects insufficient emissions, particularly the lack of oceanic emissions of alkenes in the model. Measurement artifacts might also play a part, as ethene and propene are thought to increase in canisters during sample storage [Donahue and Figure 2 . Time series of monthly mean ozone mixing ratios over the period 1980 -1995 (1989 -1995 for Naha) from ozonesonde measurements over Japan [Logan, 1999] (solid lines), against mean modeled mixing ratios (dashed lines). Error bars define one standard deviation, and reflect the variability during the month over the whole multiyear period.
Prinn, 1993]. Isoprene is well reproduced, both in mixing ratio and seasonal variation; however, considering its short lifetime and the coarse resolution of the model, significant spatial variation may be expected over different parts of the region, and hence this agreement may be partly fortuitous.
[16] The mixing ratio of PAN is considerably over-estimated by the model, by a factor of 2 -3. While this may be accounted for in part by overestimation of alkane emissions, it may also reflect oversimplification of the hydrocarbon oxidation schemes used in the model. In particular, the peroxyacetyl radical is used as a surrogate for all oxygenated carbonyls formed during oxidation of isoprene and aromatics, and hence the production and timing of PAN formation from these sources may not be representative. In addition, there is no treatment of alkyl nitrate species, which may be expected to lead to a reduction in the supply of precursors for PAN. Mixing ratios of acetaldehyde are reasonably well reproduced, although only five months of observational data are available, so this effect may not be large. . Modeled mixing ratios are those at the surface level of the Rishiri region. Measured alkanes are the sum of propane, n-butane, i-butane, n-pentane, i-pentane, and nhexane; alkenes, ethene, propene, and ethyne; aromatics, benzene and toluene.
[17] Comparison of PAN mixing ratios with aircraft profiles from other parts of the globe shows reasonable agreement at the surface and in the mid-troposphere in many regions. Global mean and median profiles show good agreement in summer, while in winter mid-tropospheric levels are somewhat overestimated and surface levels considerably underestimated . There are significant discrepancies near outflow regions, with underestimation in the South Atlantic in September close to biomass burning regions (TRACE-A campaign [Jacob et al., 1996] ) and in summer in Alaska (ABLE-3A campaign [Jacob et al., 1992b] ), but overestimation off the coast of East Asia in spring (PEM-West B campaign, [Crawford et al., 1997] ). Previous global modeling studies have had similar problems, suggesting that there is still considerable uncertainty in the factors controlling the budget of PAN. In particular, Houwelling et al. [1998] and Liang et al. [1998] note an overestimation over Nova Scotia of about a factor of 2, and Roelofs and and Wang et al. [1998] note an overestimate of about, or at least, two near Japan. These northeastern continental outflow regions, including the area around Rishiri Island, are close to major emissions sources, and concentration gradients tend to be steep; modeled PAN concentrations are strongly dependent on the magnitude of the sources and the regional meteorology as well as on the treatment of hydrocarbon oxidation.
[18] To assess the importance of local emissions from the Hokkaido region, we compare surface mixing ratios with those derived from a run with no emissions in the region (Figure 4 ). For NO x , the effect is large, as local sources provide about half of the total, while this is the dominant source in winter; summertime sees considerable transport, when large sources over Japan make a major contribution to the region. For alkanes, local influences are rather smaller, and transport from the Eurasian continent is the dominant source. Local sources have the greatest effect in summer, when chemical lifetimes are much shorter and the influence of transport is thus reduced. The influence on PAN is smaller than that on alkanes in winter, when transport is the dominant source, but there is evidence for significant influence in summer, when the lifetime is much shorter and local chemical formation becomes more apparent.
[19] Measured NO x mixing ratios are rather closer to those in the standard run, suggesting that emissions from the cities of Hokkaido and from local sources such as shipping, have a significant influence on reactive odd nitrogen species at Rishiri Island. Nevertheless, we demonstrate that these sources are too small to have a significant effect on the seasonal characteristics of PAN or O 3 .
[20] To provide a more rigorous test of both air mass origin and chemistry in the model, the ratios of O 3 to CO, and PAN to O 3 are calculated from the 3-hour surface time series at Rishiri Island and are compared with those observed at the site. These relationships and their variations are compared each month, and the monthly variation in the gradients and correlation coefficients are presented in Figures 5 and 6, along with an example of the scatterplots for the month of April. The slope, correlation coefficient, and regression line between these species are determined by using the reduced major axis (RMA) regression method [Ayers, 2001] rather than the standard linear least squares regression, since both data sets are measured variables, and thus, are subject to error. The RMA regression is a so-called ''bi-linear'' method, and allows for error in both variables.
[21] For the O 3 to CO ratio, the observed slopes show a summertime maximum and a wintertime minimum. The variation in the modeled slopes is very similar, although the summer maximum is slightly higher than that observed, due in part to underestimation of CO at this time of year. While this is possibly due to insufficient direct emissions of CO, it may also be due to underestimation of the natural emissions of VOCs in summertime, which act as a significant source of CO. Temporal and spatial variations of O 3 inherent to subgrid-scale processes (micrometeorology due to the local topography; for example, land-sea breezes), whose signatures appear only in the observations, may also contribute to this discrepancy. In winter, the modeled and observed slopes fall to below zero, and the correlation coefficients are also small, indicating that photochemical activity is suppressed. While O 3 -CO ratios of Nova Scotia in winter show significant negative slopes [Parrish et al., 1998 ], there is less sign of similar features here, due to the smaller influence from polluted source regions in this season, and to greater transport timescales.
[22] One interesting feature of the comparison is the rather high correlation between O 3 and CO found in the model in summertime, but not seen in the observations. This reflects the greater homogeneity of air masses seen in the model, caused by the averaging of concentrations and chemistry over relatively large grid squares, and by the use of the same emissions each day. [23] The seasonal pattern in the relationship between PAN and O 3 is quite different, with a distinct peak in the spring, a summer minimum, and a secondary maximum in fallwinter. This is consistent with the characteristic chemical signature of PAN [see Tanimoto et al., 2002] , and hence the stronger seasonality in PAN than O 3 . The modeled relationship follows a very similar pattern, although the absolute value of the slope is much higher than observed due to the overestimation of PAN formation indicated earlier. As for the correlation, there is a rather high coefficient in modeled PAN and O 3 in summer. While this emphasizes the similar photochemical sources of these species, it also reflects the inability to resolve the subgrid-scale meteorological effects near the surface in a coastal region, which cannot be simulated in the model. In addition, there is less observational data available for this season, and the scatter is quite large, resulting in poor correlation coefficients. However, allowing for the overestimation of PAN, at its worst in the situation for April illustrated, the relationship between PAN and O 3 and its seasonal behavior are reasonably well captured.
[24] In summary, the model reproduces the short-term variability in the mixing ratios of O 3 , CO, and PAN, and captures the key aspects of the species relationships on a monthly basis on at least a semi-quantitative level. While the agreement with the surface mixing ratios and variations at Rishiri only provides some evidence that the controlling processes are correctly simulated, we conclude for the following analysis that contributions from different processes in the model are reasonably representative of those in the Rishiri region. [26] Figure 7 shows the fluxes of PAN in the Rishiri region derived from the standard model run (i.e., including local emissions). Gross in-situ chemical production is greatest in summer reflecting the largest photochemical activity driven by OH radical chemistry initiated by the strong UV radiation in this season. Similarly, gross in-situ chemical loss is greatest in summer, when thermal decomposition of PAN is rapid. Net production is slightly positive in summer. Principally due to the reduced chemical destruction, net insitu chemistry is positive in winter, indicating that there is net PAN production from transported and locally emitted NO x in the region during this season. PAN thus produced, is exported as seen in the increased net export flux during the winter. This feature is also implied from correlative behavior between O 3 and PAN observed at Rishiri Island [Tanimoto et al., 2002] . The gross import flux of PAN shows that a large amount of PAN is transported into the Rishiri region in all seasons except summer, and this contributes greatly to PAN in the boundary layer. However, the net flux is negative except in late summer, indicating net export out of Rishiri region due to the additional PAN produced in the region. The contribution of deposition for PAN is two orders of magnitude smaller than that of chemistry and transport, which show comparable fluxes and are closely coupled.
Contributions of Transport and Chemistry
[27] Figure 8 shows the same fluxes for O 3 . Similar to PAN, gross in-situ chemical production shows a summertime maximum due to greatest UV flux in the summer season. Gross in-situ chemical destruction is also greatest in summer, owing to sinks including UV-photolysis and reactions with HO x radicals. The net contribution from chemistry is positive throughout the year with a summertime maximum. The net chemical production during the winter is slight but significantly positive, implying that photochemical production occurs even in winter [Mauzerall et al., 2000; Tanimoto et al., 2002] . The large net chemical production in summer is in great contrast to PAN, and is due to the much longer lifetime of O 3 than of PAN during this season (one week rather than 3 hours). The transport flux has a bimodal shape, with maximum in spring and fall, indicating the contributions of transport from source regions in these seasons. Note that the transport flux is of one order of magnitude larger than the in-situ chemical flux. There is a marked decrease in import in summer due to low O 3 in maritime air masses, and this, coupled with increased net O 3 production over the region, leads to a large net export in this season. This feature suggests that the import of O 3 produced over source regions in Japan is relatively small, even though the air masses contain substantial NO x emitted from Japan [Tanimoto et al., 2002] . However, considerable O 3 production takes place downwind of Japan, as seen in the net insitu chemical production at Rishiri Island in summer. In contrast to PAN, deposition makes some contribution to loss of O 3 over the region.
[28] Figure 9 displays the seasonal variations of the contribution from transport, and in-situ chemistry fueled by locally emitted and transported NO x for boundary layer O 3 , PAN, and HNO 3 over the Rishiri region. The in-situ photochemical production is greatest in summer for all species, and the contribution from transported NO x is slightly higher than that from locally emitted NO x . However, the contribution of in-situ photochemistry is much smaller than that of transport for O 3 and PAN, and transport dominates the mixing ratios and the seasonal patterns of these species, with a spring maximum, a summer minimum, and a secondary peak in fall. The import of PAN in the summer is small, as its chemical lifetime ($3 hours) is much shorter than the transport time to this region, while for O 3 , where the chemical lifetime ($7 days) is longer, the small regional formation is overwhelmed by import from much greater sources beyond the region. It is therefore demonstrated that transport processes dominate the seasonal variations of O 3 and PAN at remote sites.
[29] Figure 10 illustrates the relative importance of transport, and in-situ chemistry fueled by locally emitted and transported NO x in controlling the mixing ratios of O 3 , PAN, and HNO 3 at Rishiri. For O 3 and PAN, the fraction of in-situ chemistry from locally emitted and imported NO x shows a summer maximum and a winter minimum. The importance of transported NO x is much larger than that of local emissions over the course of a year. It should be noted that the fraction of in-situ chemistry is at most 10% for O 3 in summer, while it reaches as much as 75% for PAN. This is because of the shortened lifetime of PAN due to enhanced thermal decomposition. Interestingly the fraction of in-situ chemistry for PAN is less than 10% during the winter, but increases to 25% in April when the mixing ratio of PAN is greatest. This suggests that additional in-situ photochemical production of PAN may contribute to amplify the springtime maximum and to shift the peak from March to April, even if transport alone is responsible for the spring (March) maximum. In contrast to PAN, the fraction of in-situ chemical production of O 3 is too small to substantially influence the springtime mixing ratios of O 3 , although it shows a similar seasonal pattern to that of PAN. The dominant factor controlling the seasonal cycle of O 3 at the surface is transport throughout the seasons, whereas in-situ chemistry dominates PAN during the summer.
[30] The seasonal variation of HNO 3 shows a different pattern from those of O 3 and PAN, with a summer maximum and a winter minimum (Figure 9 ). The contribution of transport is greatest in summer, in contrast to O 3 and PAN, but chemistry and transport make roughly similar contributions to HNO 3 on an annual basis. The chemical production of HNO 3 and import to the Rishiri region are well matched throughout the year, and both peak in July. The chemical lifetime of HNO 3 ($25 days) exceeds that of O 3 in the summer; however, the atmospheric residence time is considerably shorter due to efficient removal by deposition processes, so the effects of transport from remote sources are greatly reduced compared to O 3 . The fractional contri- butions from transport and in-situ chemistry for HNO 3 show comparable importance over the course of the year ( Figure  10 ). The fraction of in-situ chemistry ranges from 40 to 60% over the year, probably due to the shorter lifetime of HNO 3 to wet and dry deposition, and to high sensitivity to photochemical activity during the summer.
Discussion of the Seasonal Cycles
[31] A bimodal seasonality for O 3 , with spring maximum, summer minimum and a second, shoulder-like peak in fall, is frequently observed at other remote sites in East Asia [e.g., Sunwoo et al., 1994; Kajii et al., 1998; Pochanart et al., 1999] . At Rishiri Island, the secondary peaks in O 3 and PAN are coherently observed in fall, and are well reproduced by the 3D model. This feature emphasizes the importance of troposphere photochemistry, since the contribution of stratospheric O 3 is believed to be minimal from summer to early fall. The appearance in the seasonality of PAN further suggests the importance of photochemical processes in the troposphere. For O 3 the magnitude of the fall peak is substantially smaller than that of the spring, and the summertime decline is much more shallow compared to PAN. For PAN, in contrast, the magnitude of the fall peak is nearly comparable to that of the spring with a deep summertime minimum between them. There is a drop in O 3 of tropospheric origin due to the dominance of transport of pristine maritime air from the Pacific Ocean in summer [Akimoto et al., 1996; Pochanart et al., 1999] , and this makes the fall peaks appear more distinct in the East Asian Pacific rim region. While the larger magnitude of the O 3 maximum in spring than in fall may reflect the influence of intrusion of stratospheric O 3 during the winter-spring period, photochemical processes in the troposphere also play a part. It might be partly due to moister conditions in fall, and hence more NO x is required for efficient O 3 production.
[32] The importance of in-situ chemistry and transport at other sites in the northern hemisphere is investigated for comparison with the Rishiri site. The annual seasonal cycles of PAN and O 3 at Nova Scotia, on the east coast of Canada, show springtime maximum and summertime minimum . They are in good agreement with those at Rishiri Island [Tanimoto et al., 2002] , and the contributions from in-situ chemistry and transport are also very similar to those at Rishiri. The modeled contributions from in-situ chemistry to O 3 at Nova Scotia are marginally greater than at Rishiri in all seasons other than summer; however, during the winter they remain below 1%, and annual mean contributions are similar to Rishiri. For PAN, the fractional contributions due to in-situ chemistry in winter are about a factor of 2 higher than those at Rishiri, and only in summer the fraction is lower. On an annual basis, the absolute contributions of in-situ chemistry and transport are very similar, while at Rishiri, transport accounts for almost twice the contributions from in-situ chemical production. This difference between the sites probably reflects the shorter transport distances from source regions for Nova Scotia than for Rishiri Island. The lack of a secondary peak of O 3 or PAN at Nova Scotia in fall may also reflect these shorter transport times.
[33] In contrast, the contributions over polluted source regions are rather different. In urbanized regions, where O 3 typically shows a distinct summertime maximum, the contributions from in-situ chemistry dominate those from transport. In the boundary layer, over extended source regions such as East Asia or the United States, local chemical contributions account for more than 30% of O 3 in summer. For PAN, the fractional contributions of in-situ chemistry are greater, accounting for 50-60% of PAN in winter and more than 90% in summer. The importance of chemistry in wintertime clearly differentiates these polluted environments from those of remote sites such as Rishiri.
[34] While the dominant role of transport for PAN and O 3 at Rishiri is clear from Figure 10 , the source regions for these transported species are less evident. In summer, the short chemical lifetimes and dominance of flow from Japan and China (Figure 4) [Tanimoto et al., 2002] , suggest that the source regions are relatively close to Rishiri, and constitute regional production. In winter and spring, however, when the transport contributions are larger, lifetimes are sufficiently long for species to cover great distances, and the flow is generally from north or northwesterly regions rather than from the main East Asian source. Transport in the middle and upper troposphere is particularly effective in spring and autumn, and has been shown to transport ozone over hemispheric scales [Wild and Akimoto, 2001] . In this situation it is likely that the transported species represent a wide range of source regions, both regional and from further afield over Siberia, with small contributions likely from as far away as Europe.
[35] Anthropogenic pollution transport, which is most efficient during the spring due to relatively strong winds and long chemical lifetimes, makes a large contribution to the springtime maximum of O 3 and PAN at remote sites. In contrast, in summer, transport of these species is far less effective than in spring due to their reduced lifetime and large transport times from the polluted continent, and the local photochemistry retains some control over O 3 and PAN despite the relatively modest production due to low levels of precursors compared with polluted regions.
[36] The results in this work show that transport from source regions is more important than in-situ photochemistry in shaping the springtime maximum of O 3 and PAN at remote sites, although in-situ photochemistry may contribute to shift the maximum of PAN from March to April. This is generally in good agreement with previous global model studies, which have demonstrated the importance of springtime transport from polluted source regions for the widely observed spring maximum in O 3 [Roelofs et al., 1997; Wang et al., 1998; Lelieveld and Dentener, 2000] .
Conclusions
[37] The importance of regional chemistry and transport in controlling the seasonal cycles of O 3 , PAN and HNO 3 in northeast Asia has been examined using the FRSGC/UCI 3D CTM. Model results for Rishiri Island, Japan, have been compared with measurements at the site, and the seasonal characteristics of many species are reasonably well reproduced by the model. O 3 and PAN show similar seasonal cycles, with peaks in spring and fall and a summertime minimum, although the seasonal variations in PAN are much greater due to the greater contrasts in its chemical lifetime. HNO 3 displays a quite different cycle, with a strong summer maximum.
[38] A budget analysis has been performed for the area corresponding to the boundary layer over the region, and the seasonal variation in the importance of transport and chemical processes has been derived by diagnosis of the import, export, production and loss fluxes. For O 3 at remote sites like Rishiri Island, transport from outside the region is strongly dominant, and regional production makes only a small (10%) contribution in summer. For PAN, although transport remains the dominant factor on an annual basis, chemical processes control concentrations in summer, and may be responsible for shifting the peak concentrations from March to April. For HNO 3 , chemistry and transport make very similar contributions throughout the year, and deposition processes prevent the wintertime buildup seen in PAN and O 3 .
[39] We therefore conclude that the factors controlling O 3 and PAN at remote sites such as Rishiri are very similar, and that the seasonal cycles are mainly shaped by transport, but with regional photochemistry providing some degree of modulation, particularly in the summer.
